The statistical model MESAW (Matrix Equations for Source Apportionment on Watershed) was used to estimate the diffuse unit-area source emission coefficients of nitrogen in Estonian rivers. The input data included monitored riverine loads, point sources and land use categories from a total of 50 rivers/catchment areas. Two independent studies were conducted: the estimation of emission coefficients for the whole of Estonia and for a smaller study area near Tallinn. The results from both cases showed that drained peat soils were the highest diffuse source contributor in unit-area loads.
but with a significant increase in the amount of data and the time period analyzed. Moreover, the data analysis in this study is more comprehensive.
CASE STUDIES AND METHODOLOGY
In the current study, a statistical approach was used to estimate the nitrogen emission coefficients from various diffuse source categories. Emission coefficients were estimated for the whole territory of Estonia and, for comparison purposes, also for the drinking water catchment area of Tallinn city where there is a high density of water quality monitoring sites ( Figure 2 ).
The statistical model MESAW (Matrix Equations for
Source Apportionment on Watershed) was used for source apportionment and retention estimates of nitrogen (Grimvall & Stålnacke ) . This model has been shown to be expedient for source apportionment, especially for areas with a high density of water quality monitoring sites (Lidèn et al. ; Vassiljev et al. ; Stålnacke et al. ) . The model approach uses non-linear regression for simultaneous estimation of source strength (i.e. export/ emission coefficients to surface waters) for the different land use or soil categories and retention coefficients for pollutants in a river basin or lake. The basic principles and major steps in the procedure include: (1) estimation of mean annual riverine N loads for years 2005, 2006, 2007, 2008, 2011, 2012 and 2013 at each water quality monitoring site, (2) subdivision of the entire drainage basin into subbasins according to the upstream area of the water quality monitoring site, (3) derivation of statistics on land use, lake area, point source emissions and other relevant data for each sub-basin, (4) application of a general non-linear regression expression with the loads at each sub-basin as the dependent/response variable and sub-basin characteristics as covariates/explanatory variables. In the MESAW model, the load at the outlet of an arbitrary sub-basin can be estimated using the following general expression (Equation (1)):
where L i ¼ load at the outlet of sub-basin i; L j ¼ load at the outlet of nearest upstream sub-basin j; R j,i ¼ retention on the way from the outlet of sub-basin j to the outlet of subbasin i; n ¼ number of sub-basins located to the nearest upstream; S i ¼ total losses from soil to water in sub-basin i; P i ¼ point source discharges to waters in sub-basin i; D i ¼ atmospheric deposition on surface waters in sub-basin i;
The load at each sub-basin can be divided into contributions from the sources located in sub-basins further upstream (the first term in Equation (1)) and contributions from the sources located within the sub-basin under consideration (the S i , P i and D i terms). It should be taken into account that for some sub-basins n can be equal to zero (e.g. the uppermost sub-basin or separate basin without any upstream sub-basin). In this case, Equation (1) will be used without the first term. The parameterization of the model is flexible and can be study-area specific. The model is fitted by minimizing the sum of squares for the difference in the observed and estimated loads. In this study, P i and D i were assumed to be known and S i was assumed to be a simple function of land use according to In this study, the retention is subdivided into retention in lakes and riverine retention (i.e. instream retention). It was assumed that retention in lakes is a function of the lake area divided by the drainage area, and riverine retention a function of the drainage area.
Both types of retention can be expressed through the following equation:
where λ 1 and λ 2 denote a non-negative parameter and R i denotes the retention in the ith basin. The first part of the function reflects the instream retention whereas the second part reflects the retention in lakes and reservoirs.
Retention from an arbitrary sub-basin m to the river mouth (R m, mouth ) can be derived from: Tables 1 and 2 .
RESULTS AND DISCUSSION
One challenge of estimating emission coefficients (expressed as unit-area losses) for a whole country is the differences in flow rates (e.g. specific runoff) between the studied sites.
Another problem is that the difference in the water runoff between the sites varies between different years, as shown in parable. Firstly, the average annual runoff was calculated using the flow rates of all the rivers in Estonia. Secondly, the flow rate coefficients for each river were calculated by dividing the average runoff by the river's runoff. Finally, the corrected loads were calculated by multiplying loads by the flow rate coefficients. In these procedures, it was assumed that the correlation between the emissions and the runoff is linear.
As an example, Figure 4 shows the dependency between emission and runoff for the Võhandu River (SE Estonia) and the Keila River (N Estonia). The distance between the river mouths is 280 km. It can be seen that the correlation between the two variables is more or less linear. Thus, this rough method was regarded as a suitable means of obtaining a good estimate of the riverine loads for MESAW.
Another problem is the low sampling frequency. In this study, load was calculated using interpolated concentration values between actual measurements. This can lead to significant errors if, for example, all the samples are taken during low water flow. If concentrations increase with flow, the load estimated using the concentrations measured during low water flow will then be lower than the actual load. is shown in Figure 6 . As a consequence, the load calculations based on interpolated concentrations were underestimated more than twice in 2013. Thus, they had to be corrected before being used as input in MESAW.
When no data were available for concentrations in the case of large discharges (e.g. 2013), a regression from other years (e.g. 2011 and 2012) was used to estimate flow-weighted nutrient fluxes.
MESAW was used for calculations in two case studies.
First, the diffuse source emission coefficients of total nitrogen were estimated for seven single years (2005, 2006, 2007, 2008, 2011, 2012 and 2013) for the whole of Estonia (Table 3) In the next step of the analysis, the MESAW model was applied to a smaller area (Tallinn's drinking water catchment area) with better temporal resolution in its sampling frequency. The modelling results of source apportionment in the Tallinn catchment area are presented in Table 4 .
All the coefficients for all years were statistically significant (p < 0.05). Similar to the analysis above for the whole of Estonia, the results for the Tallinn catchment area showed that the unit-area losses for drained peat soils are significantly higher than for arable land (except 2008). It is notable that the emission coefficients for all land types are much higher in the Tallinn catchment area than for the whole of Estonia (Tables 3 and 4 ). This is most likely to be due, in part, to the difference in the sampling frequency but it is even more likely to be due to the spatial scale issue. Table 3 contains average values for the whole of Estonia (relatively large area with significant differences in emission coefficients) while Table 4 Emissions from drained peat areas were not estimated.
Studies conducted in SE Estonia (Povilaitis et al. )
resulted in somewhat lower export coefficients compared to the average values defined for the whole of Estonia.
This corresponds well with the findings in this study that
show that the export coefficients in the study area (N Estonia) are higher than the average values. This indicates that the sources of nitrogen loads should be defined at the catchment area level rather than at the country level to ensure accurate estimations. The spatial issue is further illustrated in Figure 4 where the emission in SE Estonia is much In Tiemeyer et al. () it was found that in some years NO3-N concentrations were low (or zero) at the beginning Therefore, it is suggested that the sources of nitrogen loads should be defined at the catchment area level rather than at the country level. The current study showed that average unit-area losses from drained peat soils can be estimated with a sufficient degree of accuracy and precision. However, the processes are far more complex at smaller spatial scales.
For example, the mineralization of nitrogen depends on the peat type and characteristics, soil moisture, depth, drainage types and construction time, so the emission coefficients in different spatial locations could differ. It is suggested that drained peatlands should be a particular concern and that additional and more detailed monitoring and field studies are needed.
Effective restoration strategies are required to reduce nutrient inflows to the waterbodies from drained peatlands. These do not depend solely on the restoration technique adopted but on how well integrated the catchment management schemes are and how well the interacting mechanisms are understood. Much more work is required to examine the hydrological and hydro-chemical processes surrounding artificial drainage and peatland restoration (Holden et al. ) .
CONCLUSIONS
The MESAW model enabled estimation of statistically significant ( p < 0.05) diffuse emission coefficients in two case studies for arable land, drained peat soils and other land. The study showed that unit-area losses from drained peat soils can be up to 2.3 times higher than from arable land. This is somewhat different from official assessments, which have shown that the highest unit-area loads result from arable lands. Drained peat soils must be recognized as an additional source of nitrogen. This study showed that it is a significant source in Estonia where the percentage of unnatural peatlands is high (∼20% of total area of Estonia). Therefore it would be necessary to reconsider the nutrient reduction strategies in Estonia.
Unit-area losses from drained peat soils were estimated to vary between 11 and 34 kg/ha in the whole of Estonia and 22-42 kg/ha in the study area around Tallinn city.
This indicates that the emission coefficients in different spatial locations could differ because of a number of different factors. Therefore it is suggested that the sources of nitrogen loads should be defined at the catchment area level rather than at the country level because the emission coefficients can vary significantly even in a small country like Estonia. 
